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Abstract To evaluate the dielectric anisotropy caused by 
wood structure at a millimeter wave frequency of 
100 GHz, the dielectric parameters for flat-sawn specimens 
of nine wood species at 0 and 11% moisture content (MC) 
were measured using a free space method devised for 
reducing the multiple reflections under an electric field of 
millimeter waves parallel to longitudinal and tangential 
directions of wood, and those in radial direction were 
estimated using a conventional approximation theory. The 
dielectric parameters in the tangential and radial directions 
were almost identical and constantly smaller than those in 
the longitudinal direction. All the dielectric parameters 
increased with wood density and were larger at 11 than 
0 % MC. The dielectric parameters in the longitudinal and 
transverse directions and the dielectric anisotropy between 
them were well fitted to the regression lines based on a 
dielectric mixture model composed of pores and dielectric 
isotropic wood substance, and a parallel capacitor and 
Lichtenecker’s exponential formulas were employed to 
represent the dielectric parameters of the mixture in the 
longitudinal and transverse directions, respectively. It was 
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concluded that the dielectric anisotropy at 100 GHz is 
caused by the pore alignment and that the dielectric 
parameters are almost unaffected by anatomical structures, 
such as the rays. It was also confirmed that the free space 
method was effective for the measurement of the dielectric 
parameters for the fiat-sawn specimens. 

Keywords Dielectric anisotropy • Density ■ Dielectric 
mixture ■ Millimeter wave ■ Free space method 

Introduction 

A millimeter wave (MMW) technique, dealing with elec¬ 
tromagnetic waves in the 30-300 GHz frequency range, 
has recently been applied to nondestructive evaluation 
(NDE) of wood [1-3]. This technique is inexpensive, non- 
contact, non-invasive, compact, and easy to use in the 
wood industry. It is especially attractive because it has 
higher resolution than the conventional microwave tech¬ 
nique [4-13] in the 3-30 GHz frequency range. 

In our previous study [3], we demonstrated the depen¬ 
dence of the MMW transmittance of hinoki on its grain 
direction and pointed out that this was caused by the 
dielectric anisotropy, which refers to the difference in the 
dielectric parameters (or complex permittivity) in the lon¬ 
gitudinal (L), tangential (T), and radial (R) directions [14- 
29]. A number of researchers have examined the dielectric 
anisotropy at frequencies below 1 GHz by regarding wood 
as a dielectric mixture, or a porous structure composed of 
air and wood substance [17, 18, 20, 23, 29]. Norimoto and 
Yamada [23] examined the relation of the dielectric 
parameters of wood to its density/porosity and concluded 
that the dielectric anisotropy of wood was caused by the 
dielectric anisotropy of wood substance and/or the 
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alignment of the pores. The dielectric anisotropy of wood 
in the MMW frequency range, however, has never been 
examined with the exception of our research [3] and 
thereby its cause is as yet obscure. Of major interest, both 
fundamentally and practically, are whether wood substance 
is an isotropic or anisotropic dielectric material and how 
the pore alignment is formulated in the MMW frequency 
range. 

The primary purpose of this study was to evaluate the 
dielectric anisotropy caused by wood structure at a repre¬ 
sentative MMW frequency of 100 GHz. For this purpose, 
the dielectric parameters were obtained for flat-sawn 
specimens of softwood and ring- and diffuse-porous hard¬ 
wood species of different thicknesses at 0 and 11 % 
moisture content (MC), and the relation between the 
parameters and wood density was examined using a 
dielectric mixture model in consideration of the dielectric 
isotropy/anisotropy of wood substance and the formulation 
of the pore alignment. 

It has been reported that the dielectric parameters 
measured using a free space method were degraded by the 
multiple reflections [4, 30, 31]. In this study, the dielectric 
parameters were measured using a free space method with 
a measurement system that was devised for reducing the 
multiple reflections, and they were compared with those 
obtained by a conventional waveguide method [26, 32] to 
examine the validity of the measurements. 


Theoretical background 


relative dielectric constant, and the loss tangent ( d m , loss 
angle) of the specimen, respectively. 

In this study, attenuation In P (P, transmittance) and 
phase shift of the voltage signals were obtained, and 
they are related to the attenuation and phase coefficients as 
follows: 


In P m = In 



2 



( 2 ) 


The dielectric parameters, e' m and tan are derived 
from the second and the third members of Eq. (1): 




tancL = 


4 P m cc m 
4tf 2 - a 2 ’ 


( 3 ) 


and they constitute the complex permittivity: 

t-m = *4(1 + i tan 8 m ). 

The complex permittivity in the R direction, e R , can be 
estimated using the measured permittivities, s L and e T , and 
a theory based on some assumptions [26], where e R is 
considered to be affected by the complex permittivity of 
the rays in their longitudinal direction, which is regarded to 
be approximately equal to El, and that of the axial elements 
in their transverse direction, which is regarded to be 
approximately equal to e t . Assuming that the contributions 
of the rays and axial elements to e R are in proportion to 
their volume fractions, v r and 1 - v r , respectively, e r is 
estimated as follows: 

gR = (1 — v r )£ T + v r £ L , (4) 

where e r is also represented as e r (1 + /tan <5 r ). 


Dielectric parameters in a free space method 


Dielectric mixture model 


The behavior of a linearly polarized electromagnetic wave 
in wood is generally represented as a function of the 
amplitude and phase of an electric field [3, 4, 8, 11-13]. 
The electric field E parallel to the L or T direction is 
affected by the dielectric parameters of wood in the L or 
T direction, respectively [3, 11—13]. Assuming that wood 
is homogeneous, the electric field, E L or E T , in the L or T 
direction, of the MMW propagated through a flat-sawn 
(large surface parallel to LT plane, LT) specimen along 
the R direction is formulated as follows: 

E m =E 0 exp | i ^ tx m - y ^ cl j 

=£ 0 exp j/y (y\J^ + / tan S m ) - 1 jr/j, (1) 

where subscript m represents symbols L and T, and E 0 is 
the incident electric field, k is the wavelength of the MMW 
in air (=3 mm), cl is the specimen thickness, x m , fS m , e',„, 
and tan S m are the attenuation and phase coefficients, the 


Wood is composed of porous wood cells such as the 
tracheids, fibers, and ray cells and thereby can be regarded 
as a dielectric mixture with the pores elongated in the L 
and R directions and aligned orderly in wood substance 
composed of cellulose of oriented molecule, hemicellulose, 
lignin, and bound water. The first question about this model 
is which of the two factors, the alignment of the pores and 
the dielectric anisotropy of wood substance, causes the 
dielectric anisotropy of wood [17-20, 23, 25, 29]. Norim- 
oto and Yamada [23] concluded that the dielectric anisot¬ 
ropy of oven-dried wood is caused by both of them in the 
low frequency range and only by the pore alignment in the 
high frequency range. According to their conclusion, it is 
expected that the dielectric anisotropy of oven-dried wood 
at a frequency of 100 GHz is caused only by the pore 
alignment and that wood substance is a dielectric isotropic 
material. For air-dried wood (MC =11 %), wood sub¬ 
stance with bound water is assumed to be also isotropic. 

The second question is how the pore alignment is for¬ 
mulated as a function of the wood volume fraction, or 
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wood density. A parallel capacitor formula is generally 
used for the complex permittivity in the L direction, K| [17, 
18, 20, 23], and is formulated as follows: 

£l = £ l(£ws> <5ws> vws) = 1 - vws + vws£ws, (5) 

where ,'-;' ws , (5 WS , £ ws , and vws represent the relative 
dielectric constant, loss angle, complex permittivity, and 
volume fraction of wood substance, respectively. There is a 
relation among e' W s, <5ws, and £ws as e ws = fi'ws (1 + * 
tan <5ws)- The volume fractions of wood substance in a 
wood specimen with an oven-dry density of p 0 are 
estimated as v ws = p 0 /l-50 and v ws = 0.760 pj 
(1 + 0.094/3 O ) at 0 and 11 % MC, respectively [29], It is 
difficult to relate the complex permittivities in the R and T 
directions to the wood volume fraction because the 
capacitor models in these directions are more 
complicated and require the information about the 
anatomical structure of wood [20], This was solved by 
introducing the complex permittivity in the transverse (_L) 
direction, Sj_ = (fix + £ r )/2 (= £^(1 + /tan<5jJ) into a 
model [29]. However, this model was not based on the 
principle of the electromagnetics. In this study, a 
Lichtenecker’s exponential formula [33-35] was used to 
explain the complex permittivity in the _L direction, 
because it was established from the principle of the 
electromagnetics and some assumptions [36]. This is 
formulated as follows: 

£_l = £±( e ws’ ^ws, vws, k) = (1 - v W s + vwsEws)'^’ (^) 

where k represents the coefficient varying from -1 to 1 and 
is associated with the pore alignment along the direction of 
the external electric field. 

Experimental 

Specimens 

Flat-sawn (LT) specimens, 100 mm square and 2-8 mm 
thick, were prepared from the sound heartwood of soft¬ 
woods, hinoki (Chamaecyparis obtusa), sugi ( Cryptome- 
ria japonica), and akamatsu ( Pinus densiflora)\ ring- 
porous hardwoods, kiri (Paulownia tomentosa), kuri 
(Castcineci crenata ), and keyaki (Zelkova serrata ); and 
diffuse-porous hardwoods, tochinoki ( Aesculus turbinata), 
buna ( Fagus crenata ), and isunoki ( Distylium racemo- 
sum ). Their oven-dry densities are summarized in Table 1 
with their volume fractions of the rays (literature values 
[37]). No quarter-sawn (LR) specimen was used in this 
study since the MMW may possibly be scattered by their 
annual rings with a comparable width to the wavelength, 
3 mm. 


Table 1 Oven-dry densities and volume fractions of rays for all 
specimens 


Species 

Oven-dry density, 
p 0 (g/cm 3 ) 

Volume fraction 
of rays a v r 

Softwood 

Hinoki 

0.34 ± 0.01 b 

0.023 

Sugi 

0.37 ± 0.08 

0.020 

Akamatsu 

0.45 ± 0.05 

0.034 

Ring-porous hardwood 


Kiri 

0.23 ± 0.04 

0.041 

Kuri 

0.43 ± 0.01 

0.062 

Keyaki 

0.74 ± 0.01 

0.105 

Diffuse-porous 

hardwood 


Tochinoki 

0.49 ± 0.01 

0.099 

Buna 

0.62 ± 0.02 

0.175 

Isunoki 

0.97 ± 0.06 

0.174 


a Literature values [37] 
b Standard deviation 


All the specimens were stored over a saturated NaBr 
solution in a desiccator at 27.5 °C to be conditioned at 
11 % MC. After the measurement they were dried to a 
relatively constant weight at 105 °C and provided for the 
succeeding measurement at 0 % MC. Incidentally, the 
average MCs of specimens conditioned at 0 and 11 % MC 
were 0.4 and 11%, respectively, after the measurement of 
their dielectric parameters. 

Apparatus and measurement 

Figure 1 shows an experimental set-up of an MMW mea¬ 
surement system arranged in a right-handed Cartesian 
coordinate system (x, y, z). An MMW signal of 100 GHz 
with an average output power of 10 mW was oscillated in a 
Gunn diode and divided into two signals, measurement and 
reference, by a directional coupler. The reference signal 
was sent to an in-phase/quadrature mixer (IQ-mixer) 
through a dielectric waveguide. The measurement signal 
was modulated using a PIN (p-intrinsic-n) diode at a 
switching frequency of 100 kHz and passed through a 
phase shifter. The wave linearly polarized in the y direction 
was transmitted by a conical horn antenna towards the 
Z direction and collimated using a Teflon piano-parabolic 
lens with a diameter of 80 mm and a focal length of 
33 mm. The wave that passed through the specimen was 
received by an open-ended rectangular waveguide at (x, y, 
z) = (0, 0, 150 mm) with an inner cross-section of 
2.54 mm in the x direction and 1.27 mm in the y direction 
and sent to the IQ-mixer, where the in-phase (I) and 
quadrature (Q) components were discriminated by com¬ 
paring the measurement and reference signals. The signals 
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Fig. 1 Experimental setup of an MMW measurement system arranged 
in a right-handed Cartesian coordinate system (x, y, z). 1 Gunn diode 
(100 GHz), 2 isolator, 3 directional coupler, 4 PIN diode, 5 phase 
shifter, 6 conical horn antenna, 7 Teflon piano-parabolic lens, 8 
specimen, 9 open-ended rectangular waveguide (inner cross section: 
x x y = 2.54 mm x 1.27 mm) covered with millimeter wave absor¬ 
bent except open end, 10 quadrature phase shifter, 11 switching 
frequency generator (100 kHz), 12 mixer, 13 lock-in amplifier, 14 IQ- 
mixer, and 15 dielectric waveguide. Vi and Vq, output voltages of in- 
phase (I) and quadrature (Q) components of an MMW signal 

from the IQ-mixer were processed into the voltages, Vj and 
Vq, in a lock-in amplifier. The front face of the waveguide, 
excluding the aperture, was covered with MMW absorbent 
material to prevent reflections from the waveguide and the 
surrounding parts of the apparatus. 

The voltages, Vi and Vq, were measured while the phase 
of the measurement signal, cp, was being changed from 0 to 
27t rad at intervals of n/9 rad using the phase shifter 
(Fig. 1). The specimen was set so that its surface was 
parallel to the xy plane and its center was on the z axis. All 
the measurements were conducted at 22-25 °C. 


o No specimen 
d= 0.22 cm 

• 0.40 cm 

• 0.60 cm 

• 0.82 cm 


(b) 1.5 
1 

> 0.5 

£ 0 
if-0.5 
-1 
-1.5 

0 n 2n 

<p[ rad] 

Fig. 2 Relation of voltages, a V) and b Vq, to phase controlled by 
phase shifter, cp, for hinoki at MC = 11 % under electric field of 
MMWs parallel to T direction of specimen (d specimen thickness) 

fitted to the plots in Fig. 2 by using a least squares method 
to determine parameters, A h Aq, c h c Q , r h r Q , and i]q. 
The fit was good for all species at 0 % as well as 11 % MC. 

Assuming that the [> m — 2nIX in Eq. (2) is proportional 
to the oven-dry density of the specimen, p 0 , the phase shift 
is in proportion to the product of d and p 0 . The relations of 
and Cq to pod for all specimens of all species at 11 % 
MC are shown in Fig. 3. The phases for the plots sur¬ 
rounded by solid and dotted lines in Fig. 3 should be larger 
by 27i and 4n rad, respectively, because the phase of more 
than 271 rad is measured within the limit of 2n rad 
according to the signification of the phase shifter. Thus, the 
true phases, if T and c ' q , were obtained by the correction of 
the apparent phases, c? T and c Q , and used for the subsequent 
analysis. 




Results and discussion 

Attenuation and phase coefficients of specimens 

Figure 2 shows the relation of Vi and Vq to cp for hinoki of 
different thicknesses at 11 % MC under an electric field of 
the wave parallel to the T direction. The voltages, V, and 
Vq, are formulated as follows: 

V„ = A„{cos(cp + £„) + r n cos(3 cp + >?„)}, (7) 

where n represents I and Q, A„ and c n are the amplitude and 
phase, respectively, of the measurement signal that passed 
through the phase shifter only once, and r n and i]„ are the 
proportion and phase, respectively, of the signal that passed 
through the phase shifter three times. Equation (7) was 
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Fig. 3 Relation of phase of MMWs, to products of oven-dry 
density and thickness of specimen, p 0 d, for all species at 11 % MC. 
The phases for plots surrounded by solid and dotted lines should be 
larger by 2n and 4 ti rad, respectively 
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(/[cm] 


Fig. 4 Relation of attenuation. In P , and phase shift, A £, to specimen 
thickness, ci, under electric field of MMWs parallel to L and T 
directions 


The relations of attenuation. In P (In P L , In P T ), and 
phase shift, A if (Ac R , Ac' T ), in the L and T directions to 
specimen thickness, d, for hinoki at 11 % MC are shown in 
Fig. 4. The attenuation and phase shift in Fig. 4 were 
obtained using the following equations to reduce the 
influence of the multiple reflections: 


InP = In 




A£ = ^ {(£-&) +(Si- 



( 8 ) 


where A 10 , Aq 0 , £j 0 , and Cq 0 represent the values of A h Aq 
c\, and c'q without a specimen, respectively. The attenua¬ 
tion and phase shift in the L and T directions had good 
linear relations to the thickness. The same findings as 
above were obtained for the specimens at 0 % MC. 

The average values and standard deviations of <xl, «t, 
]8 l - and /? T - 2n/A were obtained using Eq. (2) from 
the slopes of the regression lines in Fig. 4. Figure 5 shows 
the relations of a L , a T , /i L - 2n/2, and p T - 2n/A to the 
oven-dry density, p 0 , for all specimens at 0 and 11 % MC, 
where the error bar represents the standard deviation for 
each plot. The linear relations of // L - 2n/X and // T - 2n/A 
to p o for both MCs may support the validity of the cor¬ 
rection of phases (Fig. 5b). The relations in Fig. 5 were 
consistent with the findings in our previous study [3], 
where the values, ocl = 1.3 cm -1 , a T = 0.6 cm -1 , and 
Pt = 1.8 rad/cm, were obtained for LT specimens of 
hinoki of 0.35 g/cm 3 and 8 % MC using a free space 
method at 100 GHz. 




Fig. 5 Relation of a attenuation, a, and b phase, /f, coefficients to 
oven-dry density, po, for all species under electric field of MMWs 
parallel to L and T directions at 0 and 11 % MC. Error bars represent 
standard deviations, X wavelength of MMWs, 3 mm 


Dielectric parameters of specimens 

The dielectric parameters under an electric field of the 
MMWs parallel to the L and T directions, e' L , fiV tan <5 L , 
and tan c) T , were obtained by substituting the values, a„, and 
(m : L or T), into Eq. (3), and those in the R direction, 
g' R and tan r) R , were estimated from Eq. (4) using the 
volume fractions of the rays, v r , listed in Table 1. Figure 6 
shows the relations of the dielectric parameters to the oven- 
dry density, po, for all specimens at 0 and 11 % MC. The 
plots of the dielectric parameters in the T and R directions 
were almost identical and were smaller than those in the L 
direction, and all the dielectric parameters increased with 
p 0 for 0 % MC (Fig. 6a, b). The plots of the dielectric 
parameters versus p 0 at 11 % MC (Fig. 6c, d) showed 
similar trends to those at 0 %, although the dielectric 
parameters at 11 % MC were larger than those at 0 % MC 
on the whole. 

The dotted lines for s' ± and tan d L , which were mea¬ 
sured using a waveguide method (Fig. 6a, b) and predicted 
(Fig. 6c) [26], were consistent with the plots of e'x (or e' r ) 
and tan r) T (or tan r) R ). This indicates that the free space 
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Fig. 6 Relation of (In P ) relative dielectric constant, a', b loss 
tangent, tan d, at 0 % MC, c relative dielectric constant, s', and d loss 
tangent, tan S, at 11 % MC to p 0 for all species under electric field 
parallel to L, T, and R directions. Error bars represent standard 




deviations for plots, solid black and gray lines are regression lines 
obtained from Eqs. (5) and (6), respectively, and dotted lines were 
measured by a waveguide method (a. b) and predicted (c), respec¬ 
tively [26] 


method used in this study may be effective for measuring 
the dielectric parameters. 

The dielectric parameters, e' L , e'j_, d L , and d L , can be 
related to the oven-dry density of specimens, p 0 , as 
expressions for the real parts and angles of Eqs. (5) and (6). 
Thus, regression lines in Fig. 6 were obtained so that the 
sum of squares shown by the following equation was 
minimized for each MC: 


S( £ ws>^ws,£) — ^2 | Re { £ L( £ wS’^WS,VwS,()} — £ L,i 

i L 

+ | ar g{ £ L( £ wS> ^WS, Vws,;)} — <>L,i| 

2 

Re{£±(s^, s ,<5ws,£, v W s,i)} — £ x,i 


+ 


+ | ar g{ e ±( £ ws: vws,;)} — ^-mI 


(9) 


where v ws , represents the volume fraction of wood sub¬ 
stance for the i-th species, e' L ,;, and s' ± i are the relative 
dielectric constants in the L and _L directions, respectively, 
<5 l j and d± j are the loss angles in the L and _L directions, 


respectively. The black and gray solid regression lines for 
e' L and e't (or s' R ), respectively, were well fitted to the 
experimental plots (Fig. 6a, c) and those for tan d L and tan 
(5 t (or tan <5 R ) were also fitted to the plots (Fig. 6b. d). 

Table 2 shows the estimated values of e' W s, tan <5 WS , 
and k for 0 and 11 % MC. The estimated values of k for 0 
and 11 % MC were close to 1/3, the value reported by 
Trapp and Pungs [27], who used the Lichtenecker’s 
exponential formula, Eq. (6). However, the relation 
between the coefficient k and the pore alignment has not 
been clear [33-36]. A good agreement of the plots with the 
lines (Fig. 6) may give a clue to solve this problem. The 
dielectric parameters of wood substance, s' W s a >'d tan <5 WS , 


Table 2 Dielectric parameters of wood substance, e' ws and tan <5 WS , 
and coefficient reflecting porous structure of wood in transverse 
direction, k 


MC (%) 

p' 

8 ws 

tan <5 W s 

k 

0 

3.5 

0.04 

0.30 

11 

4.1 

0.12 

0.30 
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were larger for 11 % than 0 % MC, particularly tan <5 W s 
(Table 2). 

Dielectric anisotropy of wood 

The dielectric anisotropies, e' L /e'x, tan <5 L /tan <) L , s'r/e't, 
and tan r) R /tan d x , were obtained from the experimental 
plots in Fig. 6. They are plotted against p 0 for 0 and 11 % 
MC in Fig. 7, in which the relations estimated from the 
regression lines in Fig. 6 are also shown as solid lines. 

The plots of eV/ £, ± agreed rather well with the estimated 
relations (lines) and were concave downward with maxima 
around p 0 — 0.5 g/cm 3 for both MCs. This agreement 
indicates that the dielectric parameters are probably almost 
unaffected by anatomical structures such as the rays 
because the anatomical structures were not taken into 
consideration in the dielectric mixture model. The plots of 
tan f) L /tan <5 ± agreed with the estimated line for 11 % MC 
while the plots deviated a lot from the line for 0 % MC. 
This deviation is probably due to the propagation of large 




de\/e\, tan<S,/tand^MC = 0%) + e' R /®T> tan<5 R /tan<5, (MC = 0%) 
•e'i/eT, tan<5| /tan<5 i (MC =11%) X e' R /e' r , tan<S R /tan<5 T (MC =11%) 

Re{e L (e'ws> <5ws> v ws) 1 l £ i( £ ’ws’ ^ws> v ws)))i> 

tan[arg{e, (c' ws , <5 WS , v ws )}]/tan[arg{c 1 (£ , ws , <5 WS , k, v ws )}] 

Fig. 7 Relation of ratios a e'l/e'_l and e'r/e't, and b tan <5 L /tan c> x and 
tan ^ R /tan c)t to po■ Error bars represent standard deviations for plots 


measurement error for the attenuation coefficient a (Fig. 5) 
that may be caused by multiple reflections and scattering of 
the MMWs by the annual rings of the specimen. The lines 
for both MCs indicate that tan <5 L /tan 6 | decreases with p 0 . 

These findings show that the dielectric anisotropy 
between the L and _L directions can be explained by the 
dielectric mixture model assuming that wood substance is a 
dielectric isotropic material and that the pore alignment is 
represented by the parallel capacitor and Lichtenecker’s 
exponential formulas in the L and _L directions. The 
dielectric isotropy of wood substance implies that there 
is little influence from the dipole polarization of the 
—CH 2 OH group in the amorphous region of cellulose on 
the dielectric parameters of wood substance at 100 GHz, 
because the anisotropy of wood substance is caused by the 
difference in apparent activation energy of the motion of 
the group from one site to another between the L and _L 
directions [23]. 

There was a little and almost no variation from unity in 
g' R /e' T and tan <5 R /tan <5 T , respectively, over the wide range 
of p 0 for both MCs. This indicates that the influence of the 
rays on the dielectric properties in the _L direction of wood 
may be negligible and thus strongly suggests that the 
dielectric parameters are little affected by the anatomical 
structures. 


Conclusion 

The dielectric parameters for LT specimens of nine species 
at 0 and 11 % MC were measured using a free space 
method at a frequency of 100 GHz under an electric field 
parallel to L and T directions and estimated using a con¬ 
ventional approximation theory [26] in R direction. The 
dielectric parameters, i.e., relative dielectric constants and 
loss tangents, in the T and R directions (_L) were almost 
identical and constantly smaller than those in the L direc¬ 
tion. All the dielectric parameters increased with the oven- 
dry density of wood and were larger at 11 % than 0 % MC. 
The dielectric parameters in the L and _L directions and the 
dielectric anisotropy between them were fitted to the 
regression lines based on a dielectric mixture model com¬ 
posed of pores and dielectric isotropic wood substance in 
which the pore alignment is represented using a parallel 
capacitor and Lichtenecker’s exponential formulas [33-35] 
in the L and _L directions. These findings show that the 
dielectric anisotropy at 100 GHz is caused by the pore 
alignment and that the dielectric parameters are almost 
unaffected by the anatomical structure. Further examina¬ 
tion is necessary to clarify the physical interpretation of the 
Lichtenecker’s exponential formula. 

The influence of the multiple reflections in the free 
space method was reduced by covering the receiving 
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waveguide equipped with an absorbent and by using the 
estimation model taking account of this influence into the 
amplitude and phase of the MMWs. The measured 
dielectric parameters were consistent with those obtained 
using a conventional waveguide method [26, 32], This 
indicates that the free space method was effective for the 
measurement of the dielectric parameters in the MMW 
frequency range. Further examination is necessary to 
clarify the scattering of the MMWs by annual rings of 
wood. 
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